Graphene has great potential for enhancing light − matter interactions in a two-dimensional regime due to surface plasmons with low loss and strong light confinement. Further utilization of graphene in nanophotonics relies on the precise control of light localization properties. Here, we demonstrate the tailoring of electromagnetic field localizations in the mid-infrared region by precisely shaping the graphene into nanostructures with different geometries. We generalize the phenomenological cavity model and employ nanoimaging techniques to quantitatively calculate and experimentally visualize the two-dimensional electromagnetic field distributions within the nanostructures, which indicate that the electromagnetic field can be shaped into specific patterns depending on the shapes and sizes of the nanostructures. Furthermore, we show that the light localization performance can be further improved by reducing the sizes of the nanostructures, where a lateral confinement of λ 0 /180 of the incidence light can be achieved. The electromagnetic field localizations within a nanostructure with a specific geometry can also be modulated by chemical doping. Our strategies can, in principle, be generalized to other two-dimensional materials, therefore providing new degrees of freedom for designing nanophotonic components capable of tailoring two-dimensional light confinement over a broad wavelength range. 
INTRODUCTION
When the sizes of the devices approach the nanoscale, focusing and manipulating light becomes a great challenge in both scientific research and industrial manufacturing. Nanostructure sustaining surface plasmons (SP) have been demonstrated to be excellent candidates for confining the light field at the nanoscale 1, 2 . The most involved plasmonic materials include metal nanostructures and highly doped semiconducting nanostructures, which exhibit SP resonances ranging from ultraviolet to near-infrared regions [3] [4] [5] [6] [7] . For remote, non-destructive and highly sensitive detection and imaging, the operation wavelengths of the SP are preferred to be in the mid-infrared or terahertz regions [8] [9] [10] . Graphene with atomic thickness has been shown to support strong SP in these regions [11] [12] [13] [14] [15] . The collective oscillations of the Dirac fermions can induce strong graphene SP with long lifetimes, which are able to realize extremely spatial confinement of the electromagnetic field in a broad band. These exceptional characteristics have made graphene an outstanding platform for light focusing and manipulation in the two-dimensional regime 14, 15 , which can benefit applications in optical communication 16, 17 , sensing and detection [17] [18] [19] [20] and imaging 21 .
One of the most intriguing merits of graphene is that the plasmonrelated characteristics are amenable to wide-range tuning by adjusting the charge carrier density, surrounding dielectric environment and the geometries of the graphene flakes 12, 13, 15, [22] [23] [24] . In particular, structuring the graphene monolayer into flakes with nanometer sizes can lead to optical near-fields with specific spatial distributions, whereby the electromagnetic field will experience further confinements [25] [26] [27] . However, most of the reported graphene nanostructures are either formed adventitiously during mechanical exfoliation or fabricated with limited geometries [26] [27] [28] [29] [30] , which limit the tunability of electromagnetic field localizations while preventing elucidation of the relationship between the light field localizations and geometries of the graphene nanostructures. The latter is associated with a more general topic that remains elusive, the electromagnetic field localization behaviors and related mechanisms in two-dimensional nanostructures of atomic thicknesses.
Here, from both the theoretical and experimental perspectives, we explored tailoring of the electromagnetic field localizations in the midinfrared region using monolayers of graphene two-dimensional nanostructures of different shapes and sizes. We generalized the phenomenological cavity model 31 to visualize the electromagnetic field distributions within the graphene nanostructures. The theoretical predictions were corroborated by mapping the electromagnetic field distributions within the various graphene nanostructures using a nanoimaging technique. We further demonstrated that the localizations of the light field could be modulated with chemical doping of the graphene nanostructures. Our results can provide guidelines for the design of graphene nanostructures with superior light focusing capabilities, and help elucidate the SP mechanisms and therewith the dynamics of the Dirac fermions in the graphene nanostructures.
MATERIALS AND METHODS

Fabrication of graphene nanostructures
Single-crystalline monolayer graphene was grown on 180-μm thick Pt foils (99.9 wt% metal basis, 10 × 20 mm) using the ambientpressure chemical vapor deposition method 32 . The flow rate of the reaction gas and reaction temperature were finely controlled to obtain single-crystalline graphene flakes with a domain size of~400 μm. The graphene was transferred onto a silicon substrate with a 290-nm oxide layer using the electrochemical bubbling transfer method 33 . Thereafter, graphene nanostructures of different shapes and sizes were fabricated using high-resolution electron beam lithography combined with soft O 2 -ion etching. The plasma etching duration was 1.5 min. The polymethyl methacrylate (PMMA) resist was removed in acetone, which was followed by annealing the graphene samples in an Ar/H 2 atmosphere (150/350 sccm) at 450°C for 2 h to remove any organic residues.
Chemical doping of the graphene nanostructures Chemical doping was conducted by exposing the graphene nanostructures to HNO 3 vapor (68% in volume). The sample was positioned so that the graphene was exposed to the acid vapor. The separation between the HNO 3 solution and sample surface was 5 cm. The doping process lasted for more than 12 h to ensure the uniform adsorption of HNO 3 onto the graphene surface.
Nanoimaging of the graphene nanostructures Nanoimaging was conducted using a scattering-type near-field optical microscope (NeaSNOM, Neaspec GmbH, Munich, Germany). In a specific measurement, a metal-coated atomic force microscope (AFM) tip (Arrow-IrPt, Nanoworld, Neuchâtel, Switzerland) was illuminated using a mid-infrared laser (Access Laser, Everett, WA, USA) with a wavelength range of 9.20-10.70 μm. The tip was vibrated vertically with a frequency of~280 kHz. The backscattered light from the tip was detected in a pseudoheterodyne interferometric manner, where the scattered light was demodulated at the fourth harmonic of the tip vibration frequency. The optical and morphological images of the sample can be simultaneously obtained by scanning the sample below the tip.
RESULTS AND DISCUSSION
Tailoring the localization of the electromagnetic fields by the graphene nanostructures: principles The principles for localizing the electromagnetic fields in the graphene nanostructures are schematically illustrated in Figure 1 . The free-space light field is first coupled onto the graphene via excitation of the SP using the phase matching technique (e.g., a dipole source, a metalized tip or grating structures). Thereafter, the SP waves propagate within the graphene until they encounter a boundary where strong reflection of the SP waves occurs. Then, the reflected and incidence light-launched waves will interfere with each other to form standing wave stripes (Figure 1a ). This scenario has been commonly reported in semi-infinite graphene flakes and graphene ribbons 12, 13, 26 . Alternatively, more SP reflectors can be generated by intentionally increasing the number of boundaries to form nanostructures, whereby back-and-forth reflections of the SP waves in different directions can be realized and complex interference patterns can form (Figure 1b-1g) . Furthermore, the interference patterns can be tuned by adjusting the propagation lengths of the SP waves by controlling the sizes of the nanostructures with fixed shapes. In these regards, one can tailor the localizations of the electromagnetic field by precisely modifying the geometries of the graphene nanostructures.
To verify the aforementioned principles, we performed theoretical calculations of the SP interference patterns in graphene nanostructures with different boundaries. The calculations were based on a phenomenological cavity model 31 that was generalized in our study to consider multiple boundaries in the nanostructures. The graphene SP waves were launched by a metal tip from an AFM (Figure 2a) . The plasmon waves within the graphene nanostructures were the sum of the tiplaunched plasmon wave and those reflected from the boundaries ( Supplementary Fig. S1 ),
wherec sp;0 is the tip-launched plasmon wave, and the waves reflected by the boundaries can be described as
Parameters R j , γ sp and r j describe the reflection coefficient, plasmon damping rate and distance between the graphene edge and AFM tip, respectively. The interference patterns are associated with |ψ|. To simplify the analysis, in the calculations, we fixedc sp;0 , λ sp and γ sp as 1, 200 nm and 0.205, respectively. The plasmon wavelength of 200 nm corresponds to a Fermi energy (E F ) of 0.405 eV. One should note that choosing different values for these parameters only modifies the fine details of the results, whereas the underlying physics will not be affected.
The calculated result for a 600-nm wide (3λ sp ) nanoribbon was given in Figure 2b , which exhibited two bright fringes close to the boundaries. In addition, more fringes with much weaker intensities can be observed in the interior part. The separation between adjacent fringes was~0.5λ sp . The appearance of these bright fringes was the result of constructive interference of the SP waves, whereas deterioration of the inner fringes was due to damping of the reflected plasmon waves by the graphene (Figure 1a ). These observations were consistent with previous experimental studies in graphene nanoribbons 12, 13, 26 . We then increased the number of boundaries to form more complex graphene nanostructures and calculated the corresponding SP interferences (Figure 2c-2g ). For the polygonal nanostructures, the separations between the cavity centers and boundaries were maintained at 300 nm (~1.5λ sp ). This value was also used for the radius of the circular nanostructure. Several characteristics can be summarized from the interference patterns of the various nanostructures. First, the SP waves can experience multi-beam interferences due to additional reflections from the boundaries, giving rise to a variety of bright and dark features that were strongly dependent on the geometries of the nanostructures. Most interestingly, the distributions of these features followed similar symmetries of the nanostructures. For example, in the nanostructure of the equilateral-triangle shape, the bright (dark) spots resulting from constructive (destructive) interferences exhibited a D 3 -group symmetry (Figure 2c ). For the other structures of square, regular pentagon and regular hexagon shapes, their interference patterns were determined by the specific symmetry groups of the nanostructures (D 4 -, D 5 -and D 6 -groups, respectively, in Figure 2d 2f). The interference of the circular nanostructure generated ringshaped patterns with the highest symmetry of the D ∞ -group (Figure 2g ). These observations strongly suggest that by multiple reflections, the graphene nanostructures can pattern the tip-launched SP waves of centrosymmetry into complex localized fields with nearfield distributions corresponding to the specific nanostructure geometries.
Second, the interference intensities were strongest next to the boundaries and degraded away from the edges. This phenomenon is due to plasmon damping, as mentioned before. In addition, the field localizations were strongest at the regions close to the corner sites in the nanostructures with sharp corners (Figure 2c-2f) . This finding suggests that the localized electromagnetic fields can be further enhanced with nanostructures of small boundary separations, which will be discussed in detail below. The third interesting observation is the so-called edge plasmon modes manifested by bright and dark spots decorating the boundaries (Figure 2c-2f) . In previous studies, the appearance of these edge modes was ascribed to resonances induced by interference between the tip-launched SP waves and those reflected by two corners connecting the boundary 27 or between SP waves reflected by graphene defects distributed along the boundary 26 . Because we did not take any defect sites into account in our calculations, the observed edge plasmon modes in the graphene nanostructures could be attributed to the former origin. However, in previous reports 26, 27 , the plasmon wavelengths of the edge modes are slightly shorter than that of the sheet mode, which is due to the reduction of Drude weight at the edge with lower free-carrier concentrations. In our calculation, we assume that the carrier density of the whole graphene sheet is uniform. As a result, the edge mode has the same plasmon wavelength as that of the sheet mode. We should emphasize that the aim of our current study is to demonstrate the dependence of the plasmon interference within the graphene flake on the geometries of the nanostructures. We therefore neglect the edge plasmon modes in both the theoretical and experimental studies.
Tailoring the localization of the electromagnetic fields by the graphene nanostructures: nanoimaging The nanoimaging technique was utilized to verify the above calculation results. To that end, a set of graphene nanostructures with different geometries was fabricated using microfabrication procedures ( Supplementary Fig. S2 ). Nanoimaging was conducted by illuminating a metal-coated AFM tip (~25 nm in radius) using focused midinfrared light with a wavelength of 10.70 μm (Figure 2a) . Backgroundfree near-field optical amplitude, s 4 , can be obtained by demodulating the scattered light induced by the interaction between the tip and nanostructures at the fourth harmonic of the tip vibration frequency 34, 35 . In such a manner, the localization patterns of the incidence field within the nanostructures can be acquired by recording the real-space near-field images |E z | while scanning the nanostructures under the AFM tip. The measured near-field distributions corroborated most of the interference features predicted (Figure 3a-3j) . Specifically, the |E z | images of the nanostructures displayed the same symmetries as those calculated. The regions next to the corner sites of each polygonal nanostructure exhibited the strongest localized field amplitudes. In particular, for the regular hexagon nanostructure with an L of 240 nm, the retardation between the center and boundaries was~3λ sp , which resulted in constructive SP interferences at the center and gave well-defined bright spots (Figure 3d and 3i) . For the circular nanostructure, interference rings with attenuated intensities toward the center were observed in the near-field images (Figure 3e and 3j) . The agreements between the calculations and nano-images can be observed more clearly by extracting the respective normalized profile |E z |/|E z,sub | along the central axis of each nanostructure (Figure 3k-3o) , where |E z,sub | was the near-field amplitude of the pristine substrate adjacent to a specific nanostructure.
In addition to the amplitude imaging, information about the phases was desired for a complete description of the localized electromagnetic fields. To this end, phase-resolved nanoimaging was utilized to measure the spatial phase distributions associated with each interference pattern (Supplementary Fig. S3 ). Both of the experimental and theoretical phase images exhibited standing wave patterns with spatial symmetries similar to the corresponding amplitude counterparts. In addition, the adjacent bright and dark fringes close to the boundaries differed by~π/2. These behaviors further confirmed that the localization patterns of the electromagnetic fields were indeed due to constructive and destructive interferences of the SP waves within the graphene nanostructures. To the best of our knowledge, our results are the first images of the phase distributions in the graphene nanostructures of different shapes. Alternatively, we should note that there still remain differences between the experimental and theoretical results, especially for the amplitude and phase contrasts in the inner parts of the nanostructures. We ascribe such discrepancies to the defects and inhomogeneities of the graphene nanostructures incorporated during microfabrication. In addition, the finite size of the AFM tip also precluded high-resolution visualization of the fine near-field features.
Dependence of the localized electromagnetic fields on the sizes of the graphene nanostructures The size of the nanostructures is another important parameter that can affect the localized electromagnetic fields. To reveal the effects of size, we imaged a series of graphene nanostructures with fixed shapes with various sizes. Their sizes were characterized by the separation L between the centers and boundaries. All these nanostructures exhibited similar evolvements in interference patterns. First, the brightest fringes always existed next to the edges of the nanostructures with different sizes (Figure 4a-4c, 4f-4h and 4k-4m) . For nanostructures with an L smaller than 150 nm, the fringes merged into each other to form a bright center (Figure 4d, 4i and 4n ). These behaviors can be further elucidated by the calculated normalized amplitudes along the central axis of each nanostructure, which were consistent with the respective experimental results (Supplementary Figs. S4-S6) . Second, bright and dark spots appeared alternately at the centers of the nanostructures with decreasing L. These data can be analyzed quantitatively by plotting the near-field signals at each nanostructure center as a function of L (position marked by a in Figure 4a, 4f and 4k) , which oscillated strongly with decreasing L (Figure 4e, 4j and 4o) . Such a behavior indicated that at the centers, the constructive and destructive plasmon interferences could both occur, depending on the sizes of the nanostructures. Another interesting behavior was related to the intersections between the two connecting brightest fringes (position marked by b in Figure 4a , 4f and 4k). At these positions, the amplitudes were almost invariant until L was smaller than 200 nm, where the influences from the other boundaries became large enough to affect the interference behaviors. These size-dependent characteristics are clear evidence of plasmon resonances in graphene nanostructures 27 .
Alternatively, as the sizes of the nanostructures decreased, the number of the bright spots decreased (Supplementary Figs. S4-S6) . Specifically, for nanostructures with L~50 nm, all the bright features collapsed into bright spots with strong intensities, suggesting a deep subwavelength focusing of the incidence fields. For example, in the circular nanostructure with a diameter of 130 nm, the interference resulted in a bright spot, with a diameter~60 nm, at the center. The lateral field confinement was down to~1/180 of the incidence wavelength, which corresponded to a mode volume of~2.2 × 10 − 8 l 3 0 . Such a strong confinement was much larger than that of the traditional metallic plasmonic cavities (10 − 3 l 3 0 ) Ref. 36 . The extreme field localizations in the graphene nanostructure could be understood from two aspects. First, the unique electronic structure of the graphene can give mass-less Dirac fermions with ultrahigh mobilities, which results in low-loss plasmon resonances with high electromagnetic field confinements. Second, the field confinements can be further enhanced by the constructive interference of the SPs within the nanostructures. This ultrasmall mode volume can enable various light-matter interactions at subwavelength scale, such as sensing, imaging and photolithography beyond the diffraction limit.
Dependence of localized electromagnetic fields on excitation wavelengths To further explore electromagnetic field localizations in graphene nanostructures, we performed nanoimaging on the circular cavity with a diameter of 150 nm using different excitation wavelengths. As shown in Figure 5a -5e, the intensities of the bright spots at the nanostructure center gradually decreased as the excitation wavelengths decreased. Under an excitation of 9.60 μm, the localized features could be barely distinguished from the amplitude image. This evolvement can be observed more clearly by plotting the dependence of the central intensities on the excitation wavelengths (Figure 5f ). The annihilation of the localized field amplitudes for shorter excitation wavelengths can be ascribed to the damping of the graphene SPs. By reducing the incidence wavelengths, the frequency of the graphene SPs approached the optical phonon absorption of the SiO 2 substrate 37 . As a result, the damping of the SPs became stronger, giving rise to weaker near-field amplitudes. This result can be further corroborated by calculating the dependence of 1/γ sp on the incidence wavelengths, which followed the same trend as that of the near-field amplitude at the nanostructure center.
Tailoring the localized electromagnetic fields with chemical doping of the graphene nanostructures
The above studies unambiguously demonstrate that the electromagnetic field localizations can be tailored by tuning the geometries of the graphene nanostructures. Alternatively, the plasmonic properties of the graphene strongly depend on the Fermi energy, which is determined by the free-carrier density as E F ¼ hv F ffiffiffiffiffi ffi pn p (v F is the Fermi velocity and n is free-carrier density in the graphene) 38 . Therefore, one can manipulate the plasmonics in the graphene by charge carrier-doping approaches, such as electrostatic gating or chemical doping. Our previous study revealed that the graphene plasmon strengths and wavelengths were enhanced by HNO 3 doping, which was due to the injection of free holes and the reduction of the plasmon damping rates 39 .
To demonstrate the tunability of the electromagnetic field localizations by chemical doping, the nanostructures of circular shapes with different diameters were exposed to the HNO 3 vapor to initiate p-type doping. As shown in Figure 6 , the electromagnetic fields within the graphene nanodisks were notably modified upon hole injections. In comparison with the pristine samples, the normalized near-filed optical intensities were strongly enhanced by chemical doping (Figure 6a and 6b). The intensity of the brightest fringe next to the disk edge was strengthened by~1.64 times (Figure 6c ), which is due to the enhancements of the plasmon oscillation strengths with increasing carrier density. In addition, the interference patterns were remarkably modified. Specifically, in the graphene disks with L = 200 nm and L = 150 nm, the number of bright fringes was reduced, and the fringe separations became larger. For the disk with L = 90 nm, the electromagnetic field was tightly confined to a bright spot (Figure 6c ). These behaviors originated from the increase of the graphene plasmon wavelengths upon hole injections 39 , whereby the interference nodes within a specific graphene disk are reduced. The dependence of the interference patterns on chemical doping suggests that one can tailor the electromagnetic fields of the graphene nanostructure with chemical doping without modifying the geometry.
The realization of electromagnetic field localization in two dimensions using graphene nanostructures of different geometries can offer several advantages in terms of efficient focusing and manipulating of light at the nanoscale. In the realm of practical applications, our results provide a new degree of freedom for tailoring the graphene plasmonics by fine tuning the shapes and sizes of the graphene nanostructures. These graphene nanostructures can further be integrated with other photonic or optoelectronic devices to enhance performance. Of particular importance is that through fine tuning of the graphene nanostructures, one can pattern the localized electromagnetic fields to determinately overlap with the functional components in these devices, whereby enhancements can be maximized. From the fundamental aspect, the graphene nanostructures can provide a facile platform to cultivate the behaviors of the Dirac electrons and their interactions with light in two dimensions, which can help elucidate the quantum nature of plasmonics in the graphene. We also want to emphasize that the strategy of tailoring the localization of electromagnetic field by tuning the geometries of the two-dimensional nanostructures can be generalized to other material systems sustaining surface waves, such as few-layer boron nitrides with surface phonon polaritons and atomically thick two-dimensional semiconductors with exciton polaritons 40 . In such a manner, by choosing the proper materials, one can design novel nanophotonic structures capable of focusing and manipulating electromagnetic fields from the visible to terahertz wavelength ranges. Finally, we would like to note that due to the relatively large size (~100 nm) of the nanostructures used in our current study, the observed electromagnetic field localization behaviors still follows the predictions from classical electrodynamic theory. However, previous theoretical studies have revealed the exotic quantum behaviors of graphene plasmons in nanostructures with sizes of several nanometers, such as mode splitting, size-dependent plasmon broadening, edge-dependent plasmon broadening and nonlinear optical effects 41, 42 . We believe that these quantum phenomena can be explored by fabricating nanostructures with much smaller sizes, which will be carried out in our future studies.
CONCLUSIONS
In conclusion, we have demonstrated the capability of the graphene two-dimensional nanostructures to tailor the localization of midinfrared electromagnetic fields at the nanoscale. By designing nanostructures of specific shapes, multi-beam interferences between the graphene SP waves can be realized, which lead to intriguing localized electromagnetic field patterns. The regions with strong field enhancements follow symmetries analogous to that of the nanostructures. In addition, constructive and destructive interferences of the SP waves can be modulated by fine tuning the sizes of the nanostructure with specific shapes. In particular, using small nanostructures, the light field can be strongly compressed to a lateral size down to~1/180 of the incidence wavelength. The electromagnetic field localizations within a nanostructure can also be modulated with chemical doping. We believe that our results can pave the way for the design of graphenebased optical and optoelectronic devices for imaging, detection and sensing in future nanophotonic circuits. During the preparation of this manuscript, we became aware of another work on a similar topic 27 . Our study was executed independently. In addition, the previous work mainly focused on analyzing the edge and sheet plasmon modes in graphene nanocavities, whereas in our present study, we aimed to demonstrate the new degrees of freedom for tailoring the electromagnetic field localizations in graphene nanostructures by tuning their shapes and sizes.
